rugada syndrome (BS) is associated with a high risk of sudden cardiac death secondary to life-threatening arrhythmias; that is, ventricular tachycardia and fibrillation (VT/VF) in young and otherwise healthy adults. 1-4 ECG abnormalities constitute the hallmark of BS and include a coved or saddleback-type ST-segment elevation in the right precordial leads (V1-3) accompanied by T wave alterations, with or without some degree of right bundle branch block in the absence of identifiable structural cardiac abnormalities. However, there are a substantial number of patients who show Brugada-type ECGs but do not develop fatal arrhythmias. Therefore, it is important in the clinical practice to discriminate patients with the Brugada-type resting ECG who are at a high risk for lifethreatening ventricular arrhythmias from those at low risk. However, at present there is not a non-invasive method of risk stratification.
1 or type-2 repolarization patterns in the right precordial leads (V1-3), according to the European Society of Cardiology criteria. 2 Type-1 is characterized by a coved STsegment elevation ≥0.2 mV followed by a negative T wave. Type-2 has a saddleback appearance with a high take-off ST-segment elevation of ≥0.2 mV, a trough displaying ≥0.1 mV ST-segment elevation and then either a positive or biphasic T wave. The present study did not include patients with type-3 ECG changes showing either a saddleback or coved appearance with an ST-segment elevation of <0.1 mV. A flecainide challenge test was not performed to prove the diagnosis in the present study.
The patients with Brugada-type resting ECGs were divided into the following 2 groups (Table 1 ). The high risk group included 11 patients with Brugada-type ECG and a history of at least 1 of the following: aborted sudden death, documented spontaneous sustained VT/VF or PES-inducible sustained VT/VF. The low risk group included 13 patients with Brugada-type ECGs without such histories. The normal control group consisted of the 21 age-matched healthy volunteers (21 men; aged 51±13 years). PES was not performed in 6 patients of the low risk group because it was apparent they had neither symptoms nor history suggestive of life-threatening ventricular arrhythmias, and they were regarded as not fulfilling the clinical indications for electrophysiological examination, including PES. One high risk patient died of cardiac sudden death just before the scheduled PES.
Body-Surface QRST Isointegral Mapping
The body-surface 87-lead ECG was recorded to construct a body-surface QRST integral map using a VCM-3000 (Fukuda Denshi Co, Tokyo, Japan) at the time of admission. In patients of the high risk group, the recording was performed within 1 month of the last life-threatening arrhythmic event. The data acquisition and processing were performed as described previously. 15 The ECG data were scanned and digitized using an analog to a digital converter with a sampling rate of 1,000 samples·s -1 ·channel -1 . The data were stored on a floppy disk in digital format. 16 Individual QRST isointegral maps, mean QRST integral maps and QRST integral departure maps were obtained as described previously. 17 Briefly, after baseline adjustment, individual QRST isointegral maps were obtained by calculating the algebraic sum at each lead point of all instantaneous potentials from the QRS-onset to the T wave-end, and these were multiplied by the sampling interval. The values were plotted on a diagram representing the thoracic surface, and the QRST isointegral contour lines were separated by 10 mV/ms. The mean QRST integral maps were then calculated using the respective mean values at each lead. Individual difference maps were created by subtracting the mean QRST integral map of the 21 normal control subjects from the individual QRST integral map of each patient. The resulting value at each lead was divided by the standard deviation (SD) of the normal value for that point, thus giving the QRST integral departure map, which indicates the standardized differences from normal values. We considered "abnormal positive" and "abnormal negative" departure areas as those comprising at least 3 adjacent lead points at which the integral values were ≥+2SD and ≤2SD from mean normal values, respectively. Data analysis was performed by a single blinded operator.
Statistical Analysis
Data are presented as mean ± SD. Unpaired t-test and ANOVA followed by post-hoc analysis were performed for comparisons between 2 groups and among 3 groups, respectively. The location of the ECG leads with the minimum QRST integral value on the individual isointegral maps was compared among the 3 groups using a chi-square test for independence. Fisher's exact probability test was performed to compare the location of the points with the maximum departure index in the abnormal positive area on the departure maps between the high and low risk groups. A value of p<0.05 was considered statistically significant. 
Results

Clinical Characteristics
The high and low risk groups had similar baseline characteristics, such as age, the prevalence of male gender, blood pressure, cardiothoracic ratio on chest X-ray film and echocardiographic findings (Table 1) . No patients had a family history of BS or cardiac sudden death. The prevalence of type-1 and type-2 Brugada resting ECGs did not differ between the high and low risk groups. The corrected QT interval did not differ between the 2 groups. The prevalence of complete or incomplete right bundle branch block pattern was similar between the groups. As shown in Fig 1A, it was difficult to discriminate between the high and low risk groups on the basis of the standard 12-lead resting ECGs.
QRST Isointegral Map
In contrast to the standard 12-lead ECGs, individual QRST isointegral maps revealed different spatial distributions of the ECG potentials between the high and low risk groups ( Fig 1B) . All normal controls showed the minimum integral values in the mid-to-right upper chest (the red area in Fig 1Bb) and the low risk group had the minimum in the same area in 11 of 13 patients (Fig 2) . In the high risk group, the minimum was located in the right upper back (the blue area in Fig 1Bb) in 7 of 11 patients (Fig 2) . The presence of the minimum integrals in the right upper back was specific for the high risk group (p<0.05). The maximum was located in the left parasternal -mammary -axillary region in all 3 groups. Fig 3 shows the mean QRST integral maps of the control, low risk and high risk groups (n=21, 13 and 11, respectively). In all 3 groups, the mean QRST integral maps had a bipolar distribution and the positive value area distributed over the left mammary -axillary region with the maximum at lead G4. It is noteworthy, however, that the mean integral values at leads D4, D5 and E6 were positive in the high risk group, but negative in the control and low risk groups, indicating that the positive area expanded toward the upper right in the high risk patients. In contrast, the minimum was noted in the mid-to-right upper chest (lead D7) in the control and low risk groups, but only the high risk group had the minimum in the upper left back (lead L7).
Mean QRST Integral Maps
QRST Integral Departure Map
The QRST integral departure maps were obtained in individual Brugada-type ECG patients to evaluate the standardized differences in the QRST integrals from the values of normal controls. The abnormal positive departure area with the integral values ≥2SD was found in the QRST integral departure maps of 10 of the 11 patients in the high risk group and in 10 of the 13 patients in the low risk group (NS). However, the location of the abnormal positive departure area was different between the 2 groups (Fig 4) . In the high risk group, 9 patients had the abnormal positive area in the mid-to-right upper chest (Fig 4B) . However, in the low risk group, the distribution of abnormal positive areas was inconsistent, and only 1 patient had it in the midto-right upper chest. The presence of the abnormal positive departure area in the mid-to-right upper chest was specific for the high risk group (p<0.05). In contrast, an abnormal negative area (≤-2SD) was noted in only 3 and 4 patients of the high and low risk groups, respectively. The location of the abnormal negative areas was inconsistent in both groups.
Sensitivity and Specificity for Identifying High Risk Patients
As shown in Table 2 , the detection of the abnormal positive departure area in the mid-to-right upper chest showed higher sensitivity and specificity for identifying life-threatening arrhythmic events (90% and 86%, respectively) than the detection of the minimum integral value in the right upper back.
Prognosis
During the follow-up periods (median =5.3 years), none Distribution of the ECG leads of the body-surface 87-lead ECG with the minimum QRST integral value on individual QRST isointegral maps. All normal control subjects and 11 of 13 low risk patients showed the minimum integral value in the mid-to-right upper chest (red area). In contrast, 7 of 11 high risk patients had the minimum in the right upper back (blue area). Ordinate, number of patients who had the minimum at denoted ECG lead. Mean QRST integral maps extracted from normal control subjects (n=21), the low risk patients (n=13) and the high risk patients (n= 11). + and triangle denote the maximum and minimum of the mean QRST integral values, respectively. Note ECG leads D4, D5 and E6 ( * ) were included in the positive integral value area in the high risk group, but in the negative area (grey area) in the control and low risk groups.
the patients of the low risk group experienced cardiac events or died (Table 3 ). In contrast, in the high risk group, cardiac sudden death occurred in 1 patient just before scheduled PES and implantation of a cardioverter-defibrillator (ICD), and 3 patients experienced VF but were successfully defibrillated by the ICD. All 4 patients had the abnormal findings in both their integral departure and isointegral maps. The other high risk patients did not experience such life-threatening events while on treatment with amiodarone.
Discussion
The present study constitutes the first appraisal of body surface QRST integral mapping for screening patients with Brugada-type resting ECGs at high risk for life-threatening ventricular arrhythmias. We have shown for the first time that the high risk Brugada-type ECG patients with a known history of VT/VF show characteristic QRST integral mapping findings, as compared with normal subjects and the low risk Brugada-type ECG patients without histories of life-threatening arrhythmic events. In the high risk group, the minimum QRST integral was located in the right upper back on individual QRST isointegral maps, whereas normal subjects and the low risk group had the minimum in the mid-to-right upper chest (Fig 2) . Moreover, an abnormal positive departure area was present in the mid-to-right upper chest of the QRST integral departure maps in the high risk group (Fig 4) . The abnormalities detected with the integral departure map had a higher sensitivity and specificity for identifying life-threatening arrhythmias compared with the abnormalities detected with the isointegral maps ( Table 2) . During the follow-up period, cardiac sudden death or VF occurred in 4 of 6 patients with the abnormal findings in both their isointegral and integral departure maps.
Study Groups
The diagnosis of BS has been based on ECG manifestation and clinical history. 2, 3 The lack of a "gold standard" raises practical difficulties in the risk stratification of patients with Brugada- risk of major cardiac events, 18 whereas othershave failed to show that it is a good indicator of risk for cardiac events. [19] [20] [21] Thus, in the present study, patients with Brugada-type ECGs were designated as high risk if they had experienced at least 1 of the following: aborted sudden death, a history of documented spontaneous sustained VT/VF or PES-inducible sustained VT/VF. Brugada-type ECG patients without such a history were regarded as low risk. PES was not performed in 6 patients of the low risk group because they did not fulfil the clinical indications for PES. The present study demonstrated that the abnormality in the integral departure map and, to lesser extent, that of the individual isointegral map had high sensitivity and specificity for identifying high risk patients ( Table 2 ). The prevalence of the findings depends on the criteria of high risk and might vary as the criteria change. In this regard, the efficiency of PES-inducible VT/VF in the risk-stratification for fatal arrhythmia in Brugada patients is still controversial. [18] [19] [20] [21] When only patients with a history of aborted sudden death and spontaneous VT/VF were regarded as the high risk group, the abnormal positive departure area was detected in the mid-to-right upper chest in 6 of 8 patients and the minimum integral value was located in the right upper back in 6 of 8 patients (p<0.01 and p<0.05 vs low risk group, respectively). Thus, the conclusion has not changed. Also, the results of the present study were not affected when only the PES-proven patients were analyzed (data not shown).
During the follow-up period, cardiac sudden death or VF occurred in 4 of 6 patients who had abnormalities of both the integral departure and isointegral maps (Table 3) . Therefore, it is suggested that Brugada-type resting ECG patients having either the abnormal positive departure area in the mid-to-right upper chest or the minimum integral value in the right upper back are at high risk of life-threatening ventricular arrhythmias. Further examinations, including PES, are recommended in further risk assessments for such patients. In this regard, patients 12 and 23 of the present study, who were classified into the low risk group (Table 3) , might have potentially been high risk patients. In particular, patient no. 23 should have undergone PES because he had both abnormal findings. Careful long-term follow-up is necessary for these 2 patients.
Specific Features of QRST Integral Mapping
The most important findings of the present study are that the abnormal positive departure area in the mid-to-right upper chest (Fig 4) and the minimum QRST integral value in the right upper back (Fig 2) were detected in the high risk group with a specificity and sensitivity exceeding 80% and 70%, respectively ( Table 2 ). The minimum in the right upper back is likely to be a mirror image of the existence of the abnormal positive departure area in the mid-to-right upper chest.
It is considered that the presence of the abnormal positive departure area in the mid-to-right upper chest reflects the upper-rightward expansion of the positive value area on the mean QRST integral map of the high risk group (Fig 3) . This observation is in accordance with studies suggesting that Brugada patients at high risk for fatal arrhythmic events show more positive QRS integrals in the right precordial leads of the 120-lead body surface ECG recording. 22 These findings suggest the presence of early repolarization in the mid-to-right upper chest area, probably corresponding to the region of the right ventricular outflow tract. 5, 9, 10 It has been reported that patients with Brugada-type ECG and fatal arrhythmias had late potentials on signal-averaged ECG recordings and delayed potentials on epicardial surface ECG recordings in the anterior wall of the right ventricular outflow tract. 23, 24 Recently, Izumida et al have shown, using a ventricular activation time isochronal map, that in patients with BS, delayed conduction is noted on the upper anterior chest and the delay was decreased by sodium-channel blockers or isoproterenol; however, these drugs did not affect the QRST integral map pattern. 25 Izumida et al suggested that the ST elevation of BS was primarily caused by an abnormality in depolarization rather than in repolarization. 25 Taking all the results together, it is possible that abnormalities of repolarization, depolarization or both around the right ventricular outflow tract are the pathophysiological mechanism underlying the arrhythmogenecity in the high risk patients with Brugada-type resting ECG patterns.
Study Limitations
The small number of patients limits our interpretations and discussion. The second important limitation is that the study was retrospective. Third, none of patients studied had had genetic testing for the existence of the cardiac sodiumchannel SCN5A deletions. 19, 26 In conclusion, the abnormal positive departure area in the mid-to-right upper chest on the QRST integral departure map and the minimum QRST integrals in the right upper back on the QRST isointegral map are characteristic features of patients with Brugada-type resting ECGs at high risk of life-threatening ventricular arrhythmias. These findings raise the possibility that QRST integral mapping may be a useful, non-invasive screening method for discriminating high and low risk patients with Brugada-type ECGs. A future prospective study with a larger number of patients is needed to address whether the abnormal findings in QRST integral mapping are markers of a poor prognosis.
